The goal of this paper is to evaluate the mechanomyography (MMG) response of rectus femoris muscle based on Cauchy wavelet (CaW) during contraction evoked by functional eletrical stimulation (FES) in a spinal cord injured person. The participant was ranked in American Spinal Injury Association (ASIA) impairment scale as A, i.e. without contraction or sensibility below the lesion level (T3). A triaxial (Z, X and Y axes) MMG sensor was placed over the rectus femoris muscle belly. The CaW was processed in initial and final moments of FES application. The results showed that frequency in (a) initial moment tends to be near the adjusted FES burst frequency (50 Hz), however, in (b) final moment presents compression to frequencies below 18.63 Hz in Z and X axes and in Y axis below 51.12 Hz, therefore, indicating the fibers do not follow the physiological muscular activation mode, as suggested by De Luca and Erim during FES. CaW appears to be suitable to carry out the MMG response during FES application to a spinal cord injured subject making it an important analysis tool because it can show the specific frequency band during neuromuscular physiological changes.
Introduction
The wavelet transform [1] , which mixes the analyses in time and frequency domains [2] has been used inside rehabilitation engineering [3; 4] area to characterize physiological response changes [5] as neuromuscular fatigue [6] . Applying wavelet transform to EMG in order to assess neuromuscular fatigue during voluntary contraction, Peñailillo et al. stated that wavelet transform provides information of the frequency changes in EMG that is not detected by fast Fourier transform (FFT) [7] . Also, Faller et al. [8] assessed with MMG the muscular fatigue in ablebodied elicited by FES and they do not found soundness with frequency analysis (applying fast discrete Fourier transform (FDFT)).
Differing from transforms like FFT or FDFT that use basis functions as sine and cosine to process the frequency, wavelet transform presents the spectral content and temporal space in specific band of frequencies through more complicated basis functions called mother wavelet (or analyzing wavelets) [9] . Even though Fourier based methods as FFT [10] or FDFT [8] are acceptable for determining the MMG patterns during muscular fatigue, each one of these signal processing methods has advantages and disadvantages, albeit none of them were designed specifically for MMG [11] . The Cauchy wavelet [12] (CaW) originally developed for the analysis of EMG signals, may be used with MMG technique adjusting the processing to particularities such as time and frequency resolution requirements of the MMG signals. The advantage of the CaW is that the transfer function of the filters associated with wavelet function is optimized for signal analysis with the typical MMG frequency content [4] .
The CaW calculation used in this paper is based on continuous wavelet transform [13] . In this calculation, the wavelet decomposition for different scales is determined by inverse Fourier transform of the product of wavelet function (defined in frequency domain) with the Fourier transform of the signal under analysis. The wavelet function and the normalization process of this transformation are presented by von Tscharner [12] .
The purpose of this study is the evaluation of MMG response of rectus femoris muscle based on Cauchy wavelet during contraction evoked by functional eletrical stimulation with open loop intensity control in spinal cord injured person.
Methods

Participant
The participant involved in the research was 28 years old, 83 kg of weight and 180 cm of height, with complete spinal cord injury at T3 radicular level acquired 60 months earlier in an automobile accident. The right lower limb of the volunteer underwent a physical evaluation prior to the experiment. For physical evaluation, power (Higuet scale from 0 to 5), reflex (Wexler scale from 0 to 5), spasticity (Ashworth modified scale from 0 to 4) and American Spinal Injury Association (ASIA) impairment scale (from A to E) tests were applied. In the day of test, the volunteer did not use any drug that could change his motor condition.
Electrical Stimulation
The custom 16-channels electrical stimulator (ARIANA-16) produced monophasic square wave with amplitude controlled stimulation pulses. The parameters configured were pulse frequency: 1 kHz (50% of duty cycle); burst frequency: 50 Hz (active burst duration 3 ms and inactive burst duration 17 ms).
3 Sensors
The developed MMG instrumentation used Freescale MMA7260Q MEMS triaxial accelerometer ( Figure 1 ) sensor (13x18mm) with 800 mV/V sensitivity at 1.5 G (G, gravitational acceleration). The electronic circuits allowed 10x amplification. A custom monoaxial electrogoniometer acquired the angular response. After the skin preparation (trichotomy and cleaning), the MMG sensor was positioned over the belly of rectus femoris (RF) muscle using doublesided adhesive tape. The placement was equidistant between the anterosuperior iliac spine and top of the patella. The electrogoniometer was fixed (with elastic bands) laterally to the knee joint axis (lateral epicondyle). The self-adhesive electrodes with different sizes were positioned on the thigh over the knee region (anode with 5 x 9 cm) and over the femoral triangle (cathode with 5 x 5 cm) to stimulate the quadriceps muscle via femoral nerve. Sensors and electrodes layout are illustrated in Figure 1 . Figure 1 : Transducers placement. FES electrodes were positioned on the thigh over the knee region and over the femoral triangle; MMG sensor is over the rectus femoris muscle belly and an electrogoniometer was fixed laterally to knee joint triaxial accelerometer.
4 P rotocol
The volunteer was seated on a bench with the hip angle set to 70º. After FES electrodes placement a subthreshold motor stimulus (reflex trigger) was applied with 10 s of rise, plateau and decay durations; the application lasted 10 min to increase the neural excitability [14] and to balance the skin-electrode impedance [15] . The maximum knee extension was defined as 0º. The initial position of knee joint was 30º and the FES application was delivered until the knee joint angle reached 5º as illustrated in the Figure 1 during 80s. The choice of knee joint angle in 5º to open loop control aimed to ensure that FES application does not create maximum muscular activation which could occur in 0º (maximal knee joint extension).
.5 Data acquisition and analysis
A LabVIEW™ program was coded to acquire MMG signals with an acquisition board Data Translation™ DT300 series with 1 kHz sample rate. A third-order Butterworth filter was selected with bandpass of 5-100 Hz. The FES application was split in two analysis windows of interest (initial and final). The initial window was acquired after the transient moment of MMG signal with the start of FES application and the final was 3 s before the end knee joint angle greater than 20º. The points were selected visually through the software BioProc2© version 2.41 and processed by the software MatLab® version R2008a. Each MMG moment (initial and final) was processed in eleven bands of CaW [12] . One second with 1000 points was computed to characterize the performance of analysis.
Results
The results of physical evaluation were: Power ("0" without voluntary contraction), Reflex ("0" without reflex) and Spasticity ("1" light increase of tonus in final of movement). The participant was ranked as ASIA scale A. During the tests, temperature and humidity were 22.2 ºC and 65%, respectively. The maximum FES intensity required to control the knee joint angle in 5º of flexion was 203.6 V. The knee joint angles in initial and final moment were 5.24º and 15.26º respectively. The interval between the initial and final moment was 75 s. Figures 2, 3 and 4 show the differences between Z, X and Y-axes, to initial (superior image) and final (inferior image) moments, respectively. The Z and X-axes showed a compression to frequencies below 18.63 Hz in the final moment. The Y-axis showed a compression to frequencies below 51.12 Hz. These compressions are evidenced by the concentration of the higher energy levels (the greater energy is represented in red color) bellow the indicated frequencies. 
Discussion
Regarding FES-driven muscle contractions, muscle strength rises with the increase of the stimulating frequency (evaluated between 1 and 50 Hz) [16] . It appears that the behavior of MMG signal in the frequency domain is more dependent on the modulating FES burst frequency than in the time domain response. When a FES burst frequency is adjusted to 50 Hz, the MMG frequency tends to be near 50 Hz as showed in Figures 2, 3 and 4 of this study, for the initial moment, mainly along the Y-axis (Figure 4 ). This finding is related to the motor units firing rate pattern during FES instead of the physiological muscular activation mode, as suggested by De Luca and Erim [17] .
In general, our results indicated that during the application of FES on the spinal cord injured subject, the MMG response is compressed in lower frequencies, mainly below 27.71 Hz. The MMG frequency decreases possibly due to muscular fatigue [18] or motoneuron adaptation that is the increase in the depolarization threshold, due to inactivation of Na + channels [19] , which can occur during prolonged FES application [20] . Other hypothesis is the motor units coherence [21] due to the muscle performance in phase contraction in the low frequencies. However, it is well known that MMG signals have nonlinear characteristics. In this sense, the Fourier analysis employed in the frequency computation can be a limitation in the investigation of MMG signals, since while muscle fatigue installs, MMG frequency response changes. Faller et al. have used FDFT to process the MMG signal with FES protocol in able-bodies and did not find soundness in their results to detect muscle fatigue [8] . In Krueger-Beck et al. [22] , they found for able-bodied and spinal cord injured volunteers that during the constant peak voltage amplitude FES application the MMG frequency (FFT-based) tends to decrease. Therefore, this information is not conclusive due to the lack of knowledge about what happens in each specific frequency band, therefore the FFT computed the median of frequency domain.
Conclusion
The obtained results using CaW analysis with spinal cord injured subject let us conclude that when the FES application starts (initial moment), MMG frequency tends to be near the FES burst frequency (50 Hz) set mainly to the Y-axis and it is related to the motor units firing rate pattern during FES instead of the physiological muscular activation mode, as suggested by De Luca and Erim [17] . Along FES application (final moment) there is a spectrum compression at frequencies below 18.63 Hz in Z and Xaxes that can be explained by the physiological variations as muscular fatigue, or only motoneuron adaptation. increase in the depolarization threshold, due to inactivation of Na + channels [19] , which can occur during prolonged FES application CaW appears to be suitable to carry out the MMG response during FES application to a spinal cord injured subject making it an important analysis tool because it can show the specific frequency band during neuromuscular physiological changes.
